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Fig. 1. DLP  training process: AIMD computational

sampling, DNN training, and DPMD simulation.
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Fig. 2. Crystal structure of 5-SizN,: (a) The system for first-principles molecular dynamics calculations (140 atoms); (b) the system
for deep potential molecular dynamics simulations (2200 atoms). The green atoms represent silicon atoms and the red atoms for ni-

trogen atoms.

247803-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 24 (2022) 247803

AR ZFEIEN 2225 (canonical ensemble, NVT) il
o TR A AT I ) 2 s TR T A, IR R A
300—1000 K (il £ 8] B& 2 100 K), W 1) 28 K
0.5 fs; Feha, BN SRME T LB —B 0.5 ps 1Y
AT I LSRRI RS R R R AR AR R
HEF AR R Z IE R IR A RIEPEI (Gau-
ssian and plane wave, GPW)[19.20 [] %5 F 77 bk B
WHIT Ml R R 5 07 1A% H DZVP-GTH-
PADE, i #0751 3§ GTH-PADE-q4 (Si)
GTH-PADE-g5 (N), #&Wr g &~ 400 Ry, kM
WS BB R IxIx 1. AR S ) 1) 3 & TR e
PRBON GRS IR e e S5 4, Rt X AIMD
S 25030 R R R AT 7 8 O S Bk EE A A R, B
LA 871 NS5 H F T R i o 2 $4 R 8L
Bl ML 3%k B 88 AN (i L 10%) 45 #4 Ry 35 UE
£, B4 7834 (i HL 90%) &5 #4 F T A R 0 1Y
Y.

2.2 REFIBERHI%

ARTCR F DeepMD-kitl?! B 4 Il 25 I B2 ~7
I AT T RATRREE I HEZE Tensor-
flow! 47 —WTT 4k, BERS S AN IR
TR TP A AR 7MW 45 35 e
HEZR 12230 m 1, X AL N AT IR, IR ARE
R TS BN T B RE R Z AN

Natom

E=> E, (1)

HAEANET IR B, s T B3
BT PAY AT 4B 167 T s
Ei = By (R, {Ry|j € Nr.()}). (2)

Hodr, RFRIET i IR T008, RACEIET i i
EABIELT jHIEFO0E, N, () fCFIET i AT
AR AR TR R IR T 4.

SRy RE SR I 10 - 5 6 3 B A X Bk, 5
AHERAT D 5 00 B 15 B M B 2 1A 4
%Eh:

Loz oy 2y
R.:<R
{Rij’ Rij,Rij7 Rij , 15 X Lcs,

(DI} = (3)
{R”} ;Rcs < Rij < Rm
JU, (DI FORHARE, Ry 3RIET i AUEAR I
T jZ PR R o RR ol R A AR R, vi e

Ny SRR ARRE, 23R8 2 R AR ARIE, Re
TR BT AR, RoFAREMER. #RM
{ DY B4R B M HRIN T, AT, 1, 2, 3, 4
B=0n, RARNGEER, ¥ 38=0,1,2, 3Fmrif
T SR AR 1) A A AR BB il 2. T 22 4
“ETTES % SR (16, 24]. 3 PRUEUZ MZ M4 K
NG {250, 250, 250}, 1 AJZRRZE M2 KNy
M2, 4, 8}. R Ml R, E N 0.5 F1 5.8 A.
ek, SR Adam BEALESEE T FEVE 2 HF 40
2 BB RS H
L(pe, pr, pe)

A2 P 12 PEpag?
= pAc +3N;|AFZ| +gladl (@)

Hrps, py Flpe R RREEETI, 5Z 301 ) 2k HLI5
AT IR B A ARFRVN RS 5 IR 2 > 3
T ] P M 225 NARRIET8H ; e [RERAA R
TFrReaEr; FAVERSE i N RT M2 (58 &
Y gk, BT U ZRad R v B A4 4k L B,
W pe R 0. X TR BT BB RN )R 22, 7]
PRI T B LR 430 R 0.02 F1 1000, 3X R E
YRt FEAERT R o B 2L el i Al #2315
AR 1.0x10 3 LA EOE AT R3] 3.5x10°8, 32
R AN EE A K430 R 0.95 F 5000, YNl B0k
B oM 400 JT A

2.3 REZEIHTFIHFEEM
B DeepMD-kit 5 LAMMPSP0 (large-scale

atomic/molecular massively parallel simulator)
Z ] B 11, AT D S B TR 2y )
(99312l g AU A SOl TR B o ) x5
2200 N FHY B-SigN, M R AT 533 1 22
T, BRI RN A &R AP R 5 43
AT AT R AR AL, TP B E O 0.5 fs. 165,
HEAS B-SigNy PR RTER R BE T AT A 225 B
SERITTE] N 1 ns; FOK, FrR R IR BRI 2R E R
B, A4 2000 2 W — OB B B T
JEETHR, SRR 1 ns. biRsh g B FE s
R NVT RIS, MR i Nosé-
Hoover™28 A5 SEE. Ry 1 LA 28 30 3 o HAORT I
JE A7 ] B 22 5, [ REE T Tersoff030) 28 56 3t
177 B

247803-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 24 (2022)

247803

3 H#R53b
3.1 BEHINGRERBIT

h T RAEUN RS R, AR ST TR R
7 (root mean square error, RMSE) f i & 7 &
ST TRINGE 5 AIMD 45 R 2> A 22 5.
&l 3(a) 2 DLP Tl fig s H 5 AIMD 3588 9%
P, B ST X A R 50T e IR B 2 2] A it
IR 185, fiER A RMSE 4 0.00550 meV /atom;
F 3(b)—(d) N 7, y, » =AM L DLP JiF%Z 5
TE 5 AIMD THEAEXT L, Bl e @ stk
TN 25 5 5 1SS AR A B0 S R U
BT ALR 221/, RMSE 25544 7.800 meV/A.
Pl 3 T, R R BE RN 0 B S e R 25
TEAEELZ b, URRHUR BE 27 ] S T e ) e, 1
MR O LIRE] T AIMD TR,

R itE—2E VAR B 2 2 X F AIMD 115

—28207.05 F (a)
L —28207.20 |
3
2
®
% —28207.35
<
%
5 —28207.50 |
)
Ry
A —28207.65
Atom energy
RMSE = 0.00550 meV /atom
—28207.80 . L
—28207.8 —28207.5 —28207.2
DFT energy/(eV-atom~1)
37 (o)
—~ 2 i
7
B 1F
>
(]
< Of
0
S
S —1F
&
W
a —2r
—3F Fy
RMSE = 7.800 meV/A
_4 . . . :

-4 -3 -2 -1 0 1 2 3
DFT forces/(eV-A-1)

FIMERYE, AR STl ATMD J53% A1 DPMD J7
PP TR R AR 2010 sREGHATXT L, SREIETR
JE 2 > SAHE 1 34 5 4 v Ak ek R v A R R R A
PE. e RN EE 4678 F L AIMD ) #3245 # HEA T IR
FE 2] oy o S TR R R ECH S
140. PiREAIFS N AY Si-Si, Si-N, N-N 428434
PRECANIE 4 BT/, ] LLBH S5 B TR BT 2 ) S ERf b
I T AIMD 42 1] 434 sR B TR AR R B, 3R
B B 2 ) 5 R BT LAAR S b R A 2R 1 3l g 2
PE.

3.2 SEMHERGENEREGTE

ASCARIEAEFE T BRI IEABTR-F R B (Cole-
Cole) A3 RIHH -SigN, AR EA L PREL:
Es — €0
S ®
Hrr, eoo IOBHUT UH R, e MRS EL w
N HLRER IR, T BRI, o Db R B IE
DRI X I FR) A1 P PRSCSEE RIT R 58 20 3l s

e =€ +

1.5

(b)
1ot

0.5
ok

—0.5F

DP forces/(eV-A~1)

—1.0p F,

RMSE = 7.800 meV /A

_15 . . . .
-1.5 —-1.0 -0.5 0 0.5 1.0 1.5

DFT forces/(eV-A-1)

1.5F (d)
1.0t

0.5

DP forces/(eV-A~1)

F.
RMSE = 7.800 meV /A
5 . . . . . .
-1.5 —-1.0 -0.5 0 0.5 1.0 1.5
DFT forces/(eV-A-1)

-1

3 (a) BRI R BE AR EE 2 o P SR R AR I XS HEOE R I (b)—(d) B — PR35 R T 52 7 FR BE 2 T 3

TR T2 I3 G R L Hoh B b AR y=2

Fig. 3. (a) Comparison between the energy calculated by first-principles and that by the deep learning potential; (b)—(d) comparis-

on between the forces on the atoms calculated by first-principles and those by the deep learning potential. The straight line in the

figure represents y = z.
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Fig. 4. (a)—(c) Comparison of radial distribution function between DPMD and AIMD simulations at 300 K; (d)—(f) comparison of
radial distribution function between DPMD and AIMD simulations at 1000 K.
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Fig. 5. Silicon nitride dipole moment autocorrelation function at 700 K calculated by the deep learning potential: (a) Dipole mo-

ment autocorrelation function versus time; (b) dipole moment autocorrelation polar point logarithm versus time.
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Fig. 6. (a) Real part and (b) imaginary part of frequency-dependent dielectric function of 5-SizsN, at varying temperatures. Note
that only the real part is given in Ref. [34]. The values of dielectric function in the frequency range of 8-12 GHz are given in Ref. [35].
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Deep learning molecular dynamics simulation on microwave
high-temperature dielectric function of silicon nitride
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Abstract

Silicon nitride (8-SizNy) is a most promising thermal wave-transparent material. The accurate measurement
of its high-temperature dielectric function is essential to solving the “black barrier” problem of hypersonic
vehicles and accelerating the design of silicon nitride-based thermal wave-transparent materials. Direct
experimental measurement at high temperature is a difficult job and the accuracy of classical molecular
dynamics (CMD) simulations suffers the choice of empirical potential. In this work, we build a 3-SisN, model on
a nanoscale, train the deep learning potential (DLP) by using first-principles data, and apply the deep potential
molecular dynamics (DPMD) to simulate the polarization relaxation process. The predicted energy and force by
DLP are excellently consistent with first-principles calculations, which proves the high accuracy of DLP. The
RMSEs for $-SisN, are quite low (0.00550 meV /atom for energy and 7.800 meV /A for force). According to the
Cole-Cole formula, the microwave dielectric function in the temperature range of 300—-1000 K is calculated by
using the deep learning molecular dynamics method. Compared with the empirical potential, the computational
results of the DLP are consistent with the experimental results in the sense of order of magnitude. It is also
found that the DPMD performs well in terms of computational speed. In addition, a mathematical model of the
temperature dependence of the relaxation time is established to reveal the pattern of relaxation time varying
with temperature. The high-temperature microwave dielectric function of silicon nitride is calculated by
implementing large-scale and high-precision molecular dynamics simulations. It provides fundamental data for

promoting the application of silicon nitride in high-temperature thermal transmission.
Keywords: thermal wave-transparent material, dielectric function, high temperature, deep learning potential
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